W HEN a short bolus of labeled material such as T-1824 is deposited in a long cylindrical tube and is washed out by a perfusing fluid such as blood or water at low Reynolds numbers, an orderly dispersion process occurs. Flow is non turbulent and the elements of the fluid move along streamlines parallel to the tube axis with velocities which are greatest at the center and which drop off according to a quasi-parabolic relation, becoming zero at the tube wall. In the case of Newtonian fluids such as water, the viscosity is constant and independent of the other physical parameters of the system. Here if one plots the velocity versus the distance from the center of the tube, the relation will closely approximate a true parabola, and the system conforms closely to an "idealized parabolic flow" model. In the case of blood flowing in smaller tubes, there will be greater deviations from ideal, but the model will nevertheless afford a starting point in the analysis of the processes by which label dispersion may occur in such systems. This approach in turn will provide a point of departure from which an analysis of random dispersing effects may be developed, since these effects have an important bearing on the genesis of indicator-dilution curves in the circulation. There are also other important implications in circulatory physiology since, as methods continue to be developed for injecting label into the bloodstream and obtaining samples at various sites, blood will be obtained through increasingly long sampling catheters. It will therefore be of interest to understand the manner in which the curves of indicator concentration versus time are smeared out by the dispersing action of the catheter. Samples entering the tube synchronously became asynchronous at the outflow because of the variable times of traversal through the tube. Axial dye arrives at the outflow sooner than peripheral dye.
A considerable amount of experimental and theoretical analysis of this effect can already be found in the literature, 1 " 7 but no discussion has appeared of the important difference at the outflow between mean concentration of label and mean flux of label. If the label is a dye, a recording device may be designed so that by transilluminating the tube through which fluid is conducted, it responds essen- 895 Circulation Research, Volume VII, November 1959 tially to the mean concentration of dye contained in the tube. The mean, of course, is a spatial average taken over the cross-section of the tube. In such a case the indicator substance in any lamina will tend to contribute equally to the record, irrespective of the velocity of flow of the lamina. A different situation occurs if it is the mean flux of indicator which is observed at the outflow. When different laminas of fluid possess different flow velocities, then the rate at which each lamina delivers label into a series of sampling containers will depend upon the product of concentration and flow velocity. The same can be said for the cuvette of a recording device if it happens to be well stirred. This will weight the mean value in favor of the central, more rapid laminas, and will produce displacement of the dye-concentration curve in the direction of increasing time but with less distortion of its shape. These considerations will be illustrated both theoretically and experimentally.
Dye Dispersion in Idealized Parabolic Flow: Theory of Washout of a Dye Bolus
The theory of dye dispersion by a nonturbulent Newtonian fluid passing through a long uniform-bore cyelindrical tube has been derived by several investigators°" s and is not difficult to test experimentally using water. It will be recalled that such a system obeys the Hagen-Poiseuille law 9 and furthermore the velocity of each fluid element varies in negative proportion to the square of its distance from the axis of the tube, reaching zero at the wall and having a maximum velocity at the center equal to twice the average velocity throughout the cross section. End effects may exist but can usually be minimized.
Suppose that one deposits a small bolus of dye into a tube in such a way that the concentration is uniform over the entire cross section and throughout a very short longitudinal cylindrical segment. The bolus is then washed out of the tube, fractions are collected and the observed curve of concentration versus time or versus cumulative sample volume is compared to that theoretically predicted. A simplifying variation of the method is based on the theoretical principle that the fraction of dye collected in each outflow interval is independent of time or flow velocity and depends only on the fraction T of tube volume displaced by the fluid passing through it during the washing out procedure. 8 The theory is commonly expressed in terms of an infinitesimally short initial cylindrical bolus of dye ("delta function" input) and infinitesimally short collection intervals. From the basic response at the outflow to such an input, one can by integration construct the response to any distribution of dye over finite time at the inflow. Also one may obtain time averages for any desired width of collection interval.
The physical situation is illustrated schematically in figure 1. As fluid traverses the tube, the elements on the axis move most, rapidly. Elements located on cylinders of increasing radius move more slowly. As a result axial label arrives first at the outflow and, as time progresses, all label within a progressively expanding cylinder will have appeared at the outflow and passed on. Over a given time interval, label between two coaxial cylinders will have been delivered and, in particular for any infinitesimal interval dt, there will be an infinitestimal sleeve of thickness dr whose label will appear at the outflow. For convenience of illustration the resulting serially appearing rings have been shown as of equal thickness dr. In such a representation, because of the parabolicrelation of longitudinal displacement and because the slope of the parabola is minimal toward the center, the corresponding time interval dt will also be smallest and will become greater toward the periphery. However, for equal time increments, the rings would be thicker at the center. If the concern were only with the spatial variation of mean indicator concentration at some particular time, the progressive decrease in thickness toward the periphery would just compensate for the in-creased radius of the ring. If the initial bolus had been of uniform concentration and thickness, every ring would then contain the same amount of dye. Throughout the region between the nose of the parabola and the initial location of the bolus, the dye concentration averaged across the tube cross section would be constant." Of course, as flow proceeds the parabola becomes progressively longer and more attenuated, with a resulting longitudinal dispersion of indicator. The over-all result of the combined effects at the outflow is that, following the abrupt arrival at the outflow of the central nose of the parabola, with its corresponding upshoot of mean dye concentration, there will be a gradual falling off of concentration towards zero in the later samples. Mean flux will rise to a higher peak and fall off more rapidly.
In deriving the quantitative theoretical relation we will adopt the following notation:
Ti, L, V = radius, length and total volume of the tube, respectively t = time Q = volumetric flow rate through the tube r, v = radius and velocity respectively of a given laminar sleeve of fluid Lnmx = maximal value of v (axial fluid velocity) i;. n . = Q/K K-= average velocity of fluid in the tube T = Qt/V -fraction of system (tube) volume displaced in time t I = amount of dye in the initial bolus G(t) = concentration of dye in samples collected at the outflow between time t and t + dt F(T) CIT = fraction of dye collected at the outflow between T 
and T + dr
Consider a dye bolus of uniform length and concentration and a particular sleeve of radius r and velocity v(r) ( fig. 1 ) arriving at the outflow at time t. In this case the amount of dye per unit cross-sectional area entering each sleeve will be everywhere constant. To relate the amount of dye which this sleeve delivers at the outflow to the time of delivery we recall the basic relation of para- 
For any sleeve the fraction of total dye contained in it is the ratio of its cross-sectional area to the total tube area, and thus the amount of dye is 2Irdr/E s = nli-L I dt/2QF = 1 V dt/2Qt 2 (3) On dividing the amount of dye emerging as the sleeve reaches the outflow by the volume of fluid flowing out in the infinitesimal interval, namely Qdt, we obtain for the mean flux (or alternatively the concentrations of serially collected samples)
For parabolic flow the velocity is maximal at r -0, so inserting this in equation 1 we obtain -y niax = 2Q/TTB'-. Correspondingly, the time for earliest appearance of dye is L/v max = V/2Q, and C(t) = 0 for all times earlier than this. The fraction of injected dye which emerges between t and t + dt is
The interval between T and T + dr is equivalent to the interval between / and t + dt. Thus for a very short bolus, F( T ) = 1/(2T-). for r S 1/2 = 0 for T < 1/2 ( b ) This relation is identical with a relation derived by Rossi and his associates if we take the limiting situation of an infinitesimal bolus. 7 One may note that the particular physical model from which this expression was obtained was different in certain respects from the present one, since the amounts of dye per unit area in various sleeves entering the tube were postulated to be proportional to the sleeve flow velocities. For the "delta function" case, this would correspond to the situation of an initial bolus of lenticular shape with maximum axial thickness and zero peripheral thickness. The reason that their results are identical to ours is that the uniform distribution of initial dj'e between sleeves of equal cross-sectional area in our case is analogous to the uniform contribution of the sleeves to their recording device at the outflow, whereas the velocity dependent contribution to their inflow is analogous to the velocity dependence of the contribution to our outflow. Nevertheless, because of the similarity of the result in the two cases, we may use their relation for an initial bolus of finite length A 1. The theoretical results for infinitesimal and for finite lengths (bolus volume 1/40 of tube volume) were compared and it was found that for such a short bolus the simpler formula for an infinitestimal bolus can be used satisfactorily. In all cases the bolus was less than 1/40 the tube volume.
METHODS
In the experimental investigation Evans blue dye (T1S24) was used in uniform glass tubes through which water was permitted to flow (table  1) . It has been found in earlier investigations that a certain amount of care is required in establishing the initial dye distribution. 8 Dye simply injected into the system does not readily mix with the water and lies in an irregular mass resembling a puff of smoke. Furthermore, gravitational settling of the injected dye mass is a serious problem. In one experiment where a vertical tube was used, fairly concentrated dye was injected into the top and immediately dribbled irregularly down the central axis of the tube for several centimeters, preventing any satisfactory initial distribution to be achieved. In a horizontal system dye tended to lie on one side of the tube. Since the time relations downstream are intimately related with the distance of the initial dye elements from the axis, no reproducible experimental results could be achieved. The effect of gravitational settling in the aqueous experiments was controlled by the addition of sucrose to the water which flowed through the tube from an elevated Mariotte bottle or Kelly infusion reservoir. Usually 12.5 ml /L. of saturated sugar solution was of the proper density to carry 1 per cent Evans blue with negligible rise or fall. Only horizontal flow was studied in the final experiments. Repeated determinations of viscosity yielded values essential^' the same as for water. Figure 2 shows the arrangement employed for introducing a uniform dye bolus. Dye was placed in the central hole through a small injection port A, with a syringe and the central tapered plug was rotated 90° so that the central hole B was aligned precisely with the tube. The device was made of lucite in order that the behavior of the dye could be watched at all times. By picking the proper inside diameter of the glass tubing to match a particular drill and by drilling the central channel in one operation, discontinuities were avoided which might produce turbulent disturbance of the dye bolus. The taper of the plug and of the body of the device were matched by turning a steel mandrel of the same length as the plug and between the same offset lathe centers. A hole was drilled in the body and the steel mandrel heated to the softening point of lucite and driven in by squeezing between the jaws of a large vise. In use the plug and body were lubricated with a small amount of mineral oil which gives a satisfactory seal, since by using a horizontal system the internal pressure could be maintained near atmospheric. Volumes of tubes through which dye flowed were determined by filling with water and weighing. Samples were collected serially at the outflow in graduated centrifuge tubes and, at the outflow, a small bend was made in the tube to direct the fluid into them. The volume of the bent portion was made as small as possible to avoid production of possible deviations from ideality which might arise in the bend. This portion of the system usually represented 2 per cent or less of the total volume.
Although the theoretically important variable was T, it was necessary to verify this by performing experiments at different flow rates. Actually, of course, the system started from rest and by careful management a brief period of smooth acceleration was followed by a fairly constant flow rate without turbulent disturbance of the bolus. The terminal rate was reached after about 2 to 3 ml. were collected. Then the rate was determined for the rest of the experiment by timing the duration of collection of one or more samples with a stopwatch and measuring the sample volumes. The centrifuge tubes were suspended in a masonite fraction collector mounted on a circular kymograph drum which was manually revolved beneath the outflow. Volumes of individual samples wore arbitrarily varied in such a way that the initial most concentrated dye could be collected in small increments since the dye concentration was changing rapidly during the initial outflow phase. It was essential, of course, to keep air bubbles or oil droplets from the system as well as other factors which might disturb the proper laminar flow. Mineral oil used in the joint could be washed out before the experiment and grease was avoided since it might be extended into the lumen of the tube. Optical densities of the dye in the aqueous systems were measured in a Beckman model B speetrophotoineter at 600 m/x. The total amount of dye injected in a typical experiment was about 0.2 ml. of 1 per cent solution. The precise amount, of course, did not have to be estimated since F (T) was expressed in fractional amounts, but since readings were made in units of optical density, equivalent optical readings had to be estimated for the total amount of dye. This was done by accumulating all of the dye in the samples up to T values of about 5 where about 90 per cent of total dye was collected. Since the outflow curves conformed most closely to theory for high T values, estimates of the small residual uncollected amount could be made by integration of the theoretical expression, which could then be added to the estimates from the total collected dye. The latter was obtained from density readings on the pooled samples after collection and from the total volume collected.
Of course, in comparing results with theory, the concentration of each sample would properly be compared with the theoretical concentration averaged over its collection interval. Usually the interval was small enough that the average concentration was sufficiently close to the concentration halfway through the interval. However, in occasional cases in preliminary work, the collection of the first dye-containing sample began slightly before T = y 2 , during a period when the dye concentration was varying almost discontinuously. In this case comparisons are complicated by the fact that small errors in determining T would have a large effect. With water, dye was visible at all times and in the later experiments it was possible to shift the outflow to a new tube almost in exact coincidence with the arrival of the "dye front" and in this case the initial dye containing sample began almost exactly at T = y 2 -RESULTS Figure 3 shows the results of two of the experiments. The flow rates in the two cases differed by a factor greater than 2 and yet, when plotted as functions of T rather than time, the points nearly coincide. In the first case there is a definite tendency for earlier points to lie above the curve and show a slight but significant delay in dye appearance and a rounding of the peak. In the second case the situation is reversed and early points tend to lie a little below the curve. These fluctuations, we believe, represent fairly the amount of error remaining in the technic. Although we have occasionally detected slight rounding of the peak, nevertheless the visual observation of dye outflow gives a striking demonstration of the parabolic nature of laminar flow in the system as shown by a parabolic advancing dye front with a sharp "nose" which arrives quite suddenly at the outflow when one half the measured tube volume is displaced.
It should be noted that, in contrast to Taylor's system, experiment duration, diffusion rates and distances are such in our experiments as to minimize any effect on our curves due to diffusion of dye between flow laminas. The lack of dependence of the results purely on flow rate or tube dimensions was shown throughout the 9 experiments in which T alone was found to be the controlling independent variable. Of course, if it were not for this, the study of a system which SHBPPARD, JONES, COUCH starts from rest and accelerates initially for a moment would be meaningless without data on the velocity-time relations during initiation of flow.
Sampling from a Glass Bead Labyrinth:
Inverse T Cubed BelaMon The study of a long glass tube filled with glass beads has frequently suggested itself as a substitute for a physiologic labyrinth such as a capillary bed. Recognizing the limitations of such a system from the physiologic point of view, it nevertheless provides a point of initial departure for studies of dye dispersion. If a long tube is attached to such a labyrinth and fluid flows through the system, instructive information can be obtained which has physiologic implications. In particular it can be expected that the temporal dispersing action which flow through the tube exerts on dye may differ in important respects from its action on a uniform dye bolus. In the latter case the amount of dye per unit area initially in any laminar sleeve is constant. In the case where the tube receives the outflow from a glass bead labyrinth, the randomly varying paths will tend to break up and average out lateral concentration differences at the inflow of the sampling tube. Even though longitudinal threads of dye may remain they will be nearly random. Thus, on the average, the amount of dye entering the tube per unit area will no longer be constant over the entering cross section but will vary with the velocity of flow so that central sleeves will receive more dye than peripheral ones, unless special precautions are taken to break up this flow pattern, say by the use of a series-connected turbulent mixing device.
In deriving the appropriate delta function response, the fraction of entering dye in each laminar sleeve will, as in equation 3. be equal to the fraction of total area in the sleeve but it must now be multiplied by a weighting factor given by the velocity of the sleeve relative to the average velocity. Thus: 2 Iv r dr/R 2 r.v = TTR 2 IV v dt/2Q-t-= IV 2 dt/2QH n (7) In terms of T variables, F( T ) = l/(2r 3 ) for T > 1/2 = 0 for T < 1/2 (8 > If this inverse T* relation could be directly studied, it would be found to rise to a higher inaximum and drop more rapidly than in the case of the previous relation, and the dispersing action of a sampling tube would differ considerably from the previous case.
Our experimental technics do not readily adapt themselves to investigating the delta function response of tubes to a nonuniform bolus. Nevertheless, it may be inferred from a comparison between experiment and theoretical prediction for the curves of dye concentration at the inflow and at the outflow when the tube receives the total flow from a glass bead column. As previously indicated. 10 in a system where the inflow concentration is uniform over the tube cross section, the relation between the inflow concentration d (t) and the outflow concentration C 0 (t) will be,
represents the response curve of the tube to a delta function input of dye. In considering C 0 (t) it is noted that if F(t) applied to mean concentration in the tube outflow then G 0 (t) represents this same mean concentration. Here of course both apply, instead, to the concentration of collected samples, i.e., mean flux of label at the outflow.
When applying the equation to a glass tube receiving the outflow from a glass bead column, Ci(t) represents the output of the column. The curve of the one dimensional random walk has been shown 8 to give an adequate description of d(t) and, in the present study, a large number of further comparisons have shown it to give a fair representation of the concentration of dye emerging from the bead column as a function of time. For purposes of comparison with experimental data it is shown in the appendix how equations 8 and 9 and the random walk relation, 
In fitting experimental results to a random walk relation, a choice of R.W. curves is available depending on the appropriate value of a "randomizing constant," K, which represents the degree of tortuosity of the labyrinth. The computed theoretical result for the typical case a = 0.1 and K = 0.29 is shown in figure 4 . The corresponding case using equation 6 instead of equation 8 is also included since it applies to the situation where the inflow to the tube is disturbed by strong turbulence producing effective lateral mixing of dye.
Experimental Studies ivith the Labyrinth
The labyrinth was constructed from a glass tube 43 cm. long and IS mm. I.D. Near one end a 21/40 standard ground glass joint was included to permit filling the tube with 3 mm. glass beads. In some eases the ends were packed with glass wool to aid in retaining the beads, but in most of the experiments small waffle like grids were constructed of lucite and these were inserted in the ends of the tube instead of the glass wool. In most of the experiments approximately 1 ml. of 0.1 per cent Evans blue dye was injected into the inflow to the bead column and serial samples were immediately collected at the outflow. Dye concentrations were determined as before, but the final curves were arbitrarily normalized by numerically integrating the concentration curve and reducing to unit area by the appropriate factor. Sampling tubes were uniformly chosen to represent as closely as possible 0 1 of the labyrinth volume. Two tubes were used, one a section of intramedic polvethylene tubing 2 9 mm. I.D. and 7S cm. long and the other a straight piece of glass tubing 3 S mm. T D. bv 44 cm. In each case their volumes were 5 ml. and the volume of fluid contained in the clnss bend tube was 50 ml. In the experiments with the polvethylene tube, the labyrinth was usuallv pliced in a vertical position and water containing sucrose was introduced thvousrh the bottom. To obtain collection in the sampling tubes it was necessary to make two 90° bends in the tube. The radii of these bends was (it least 10 times greater than the tube radius in all cases. In one experiment horizontal flow was commred between a straight tube and a tube with a 3 8 mm. ID. and a 180° bend on a 5 cm. radius with no evidence of a significant alteration in flow Dnttern at a flow rate approaching the uprjer limits of rates used in our experiments.
In the experiments with the £"liss stmnling tube, p, horizontal svstem was used and a turbulent mixing device was placed at the inflow of the tube. T30t   T30C  T3.lt  T31C  T32J  T32C   T35   T35C   T36   T36C   T37   T37C   T38   T38C   T39   T39C *Experiments marked with a T were performed by placing a turbulent mixing device in series with the labyrinth outflow. Experiments are presented in pairs, the C denoting the use of a sampling tube in series with the outflow. tDifferenco in value for experiment with and without added tube at outflow.
tin these experiments an earlier version of the turbulent, device was used which did not appear visually to produce as good lateral mixing as the device later used and described in figure 5.
This device ( fig. 5 ) produced strong turbulence locally, but it was possible to design the system so that this turbulence did not appear to extend seriously beyond into the downstream portion where laminar flow could be seen by visual inspection. Varying degrees of turbulence were obtained by varying the flow rate. In all experiments with or without the turbulent device, the final curves after normalization were fitted to random walk functions. In making these fits the randomizing constant, which governs the shape of the curve, was selected to obtain the best fit and also a horizontal displacement, A of the entire curve was used since at times a better fit was thus obtained. Positive values of this quantity signified displacement of the curve toward the right and in the direction of increasing T. Table 2 gives the principal results of the labyrinth experiments. Typical curves for the labyrinth outflow unaltered by a sampling tube are shown in figures 6 and 7 open circles. The solid line in each case represents a theoretical relation computed from the mathematical expression for the one dimensional random walk. This expression should give a valid representation of the outflow of dye from a long thin column of glass beads provided there is no interaction between the beads and the dye. The fit is good on the whole except for a tendency often seen for the points at latest T values to lie above the curve as seen in figure 7 . Although there is some departure of the A values from zero in the experiments without the turbulent device, statistical analysis fails to establish any significance to this and the mean value of A of 0.015 is quite small, indicating that the fluctuations are essentially about zero. The mean value in the experiments in which a turbulent device was placed in series with the outflow was -0.04, but significance could not be established in this case either. No significant difference was found in the values of K between these two sets of experiments. The two sets of data were pooled yielding an over-all estimate of 0.277 for the mean value of K and 0.026 for the standard deviation.
RESULTS

Curves Without the Sampling Tube
Effect of Tube
The points obtained with a sampling tube (figs. 6 and 7, solid squares) could also be fitted rather well with a random walk function. Since appreciable fluctuation was seen in the parameters of the curves obtained without the sampling tube, particular effort was made to maintain uniform conditions in any one pair of experiments on the effect of the tube. For this reason comparisons were made between paired results with and without the tube in each case and statistical analysis was made of the difference between the K'S and A's obtained with and without the tube (table 2). Figure 6 indicates the typical effect of a sampling tube on the outflow from a glass bead labyrinth when no turbulent device was used. If the dispersion were of the 1/(2T 2 ) type, the outflow curve would be depressed and broadened ( fig. 4, dashed line) . Such an effect would produce a significant increase in K. On the contrary, simple displacement to the right is the predominant feature shown by an increase in A. The K which gave the best fit (table 2) was not altered significantly over that of the inflow, the mean value of the difference between K'S being -0.0083 with p >50 per cent. On the other hand, the horizontal displacement was clear in all cases. The mean value of the change in A is +0.078 with a p value of <1 per cent and is thus highly significant. Such a result is characteristic of a 1/2T 3 relation ( fig. 4 ). The displacement theoretically predicted in the calculation of figure 4 for this case is 0.082.
When the turbulent mixing device was used, the result at high flow rates shows the typical depression of the maximum and broadening of the curve ( fig. 7 ). Turbulent mixing was less complete at lower velocities and the depression of the peak of the curve was considerably reduced. With higher flow rate and consequent better lateral mixing, the outflow curve approaches that corresponding to a 1/2T 2 relation.
The mean values of the shift in « and A produced by the tube were +0.024 and +0.095, respectively, with corresponding standard deviations of 0.02 and 0.021 and p values of <2 per cent for * and <0.1 per cent for A. These significant results were obtained with an inclusion of the data from experiments 30 to 32 where the lateral mix- ing was less satisfactory than in the later experiments. In experiment 3S, which was done at the highest flow rate and with the best mixing, the value of K was shifted 0.04 units. From the theoretical curve ( fig. 4 , dashed live) the predicted shift is 0.055. Similarly experimental and predicted displacements of A were 0.11 and 0.10 respectively.
DISCUSSION
In a separate study the effect of a sampling tube on dye outflow curves for blood passing through a glass bead labyrinth has been investigated. In comparing the results with theoretical predictions, 3 ' 4 results were not in good accord with a 1/(2T 2 ) relation. The present study combined with the theory of Rossi et al. shows that such a relation would apply only to situations where the sampling system responds to mean dye concentration at the outflow rather than mean dye flux. The latter quantity is determined by the product of concentration and flow rate and will yield a different mean as a function of time than the former. The effect is best studied with a Newtonian fluid such as water where theory and experiment are under optimal control. Possible additional effects which might arise in blood flowing in rough walled tubes will be superimposed ou it, but can only be separated out by understanding the present principle first. If the sampling tube were part of an idealized recording cuvette system in which a perfect parabolic flow pattern were maintained past the recording device, then the l/(2r 2 ) relation would be the acceptable one if the photocells measured mean dye concentration. Integration of this relation over a typical random-walk curve 4 predicts a depression of the peak of the curve and a broadening with a corresponding change in the randomizing constant. Although a practical cuvette may not exhibit this idealized response, one may nevertheless expect that sluggish layers of dye may tend to proceed slowly through the cuvette with a correspondingly greater smearing effect on ihe record. In our situation the central, more rapidly moving sleeves make a greater contribution of dye at the outflow and the principal effect is simply for the curve to be delayed in its appearance with a much less serious effect on its shape. From this point of view, then, if shape changes were to be minimized it might be advantageous in the case of cuvette sampling if lateral mixing could be induced in the cuvette, without at the same time producing further longitudinal dispersion. In this way the sluggish layers would be dispersed with a correspondingly reduced smearing effect.
It should be kept in mind that the type of error considered in the present study is only one of the factors which can contribute to the alteration of dye outflow curves, but the effect of long sampling tubes is the one which is most likely to be unavoidable in certain practical instances. In sampling at peripheral sites the fact that dispersion by the vascular system introduces a smearing effect which can hardly be controlled, would seem to be the primary justification, perhaps, for sampling through a catheter where at least there is a prospect for understanding what the effect may be.
SUMMARY
If fluid containing a tracer substance such as T-1824 is obtained by sampling through a long cylindrical tube, the relation at the inflow between dye concentration and time will be modified, at the outflow, by the dispersion of the dye in the tube. Since axial fluid moves more rapidly than fluid in more peripheral sleeves, there will be a smearing effect. An approximate analysis can be made for a very short initial bolus of dye in terms of an idealized parabolic flow model. This has been tested experimentally in an aqueous system. By expressing results in terms of T, which is the fraction of tube volume displaced rather than in terms of time, a simple relation can be derived for two cases. In the first case a bolus of uniform length and concentration is assumed at the inflow. Here the fraction of dye appearing in uniformly mixed sampling containers at the outflow, per unit T interval, taken over infinitesimal intervals, is found to be 1/2T-. If, on the other hand, the amount of dye in the bolus entering the tube at any radius from the tube axis is proportional to the velocity of flow, the relation will be l/2r a . These basic differential relations are integrated over typical curves of the random-walk type for the case where tube volume is 1/10 the volume of the system which is being sampled. It is predicted and verified experimentally that the principal effect is not a great change in the shape of the curves, but more prominently a delay in their appearance. For devices which record mean dye concentration in the sampling tube at the outflow instead of mean dye flux, there will be a greater broadening of the curves and depression of their maxima. Although experimental verification is confined to aqueous systems, the important difference between mean flux and mean concentration at the outflow must also be recognized for blood.
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SUMMARIO IN INTERLINGUA
Si un liquido continente un substantia traciatori (per exemplo T-1824) es studiate per le obtention de specimens via un longe tubo eylindric, le relation inter le concentration del colorante e le tempore que es observate al puncto de effluxo differe ab illo existente al puncto de influxo per un factor que es determinate per le dispersion del colorante in le tubo. Viste que le portion axial de un liquido flue plus rapidemente in le tubo que le portiones plus peripheric, il occurre un effeeto obfuscatori. II es possibile effectual-un analyse approximative pro un curtissime bolo initial de colorante super le base de un idealisate inodello de fluxo parabolic. Isto ha essite testate experimentalmente in un systema aquose. Per exprimer le resultatos como function del fraction displaciate de volumine intratubie (T), un simple relation pote esser derivate pro duo casos. In le prime easo un bolo de longor e concentration uniforine es supponite al puncto de influxo. In iste caso, le fraction de colorante que appare in receptaculos con uniformemente miseite specimens al puncto de effluxo, per intervallo de unitate de T, prendite a intervallos infinitesimal, se monstra como l/2r 2 . Si, del altere latere, le quantitate de colorante in le bolo que entra in le tubo a un radio qualcunque ab le axe es proportional al velocitate del fluxo, le relation es 1/2T 3 . Iste basic relationes differential es integrate super curvas typic del genere pro ambulation randomisate pro le caso in que le volumine del tubo es un decimo deli volumine del systema ab que le specimens es obtenite. Es predieite (e verificate per experimentation) qne le effeeto principal non es un grande alteration in le configuration del curvas sed plus marcatemente un retardo in lor apparition. In le caso de apparaturas que registra le concentration medie del colorante in le tubo al puncto de effluxo e non le fluxo medie del colorante, il debe occurrer un plus mareate allargamento del curvas e un plus mareate depression de lor valores maximal. Ben que le verification experimental es limitate a systemas de aqua, le importante differentia inter fluxo medie e concentration medie al puncto de effluxo debe esser reeognoscite etiam pro systemas de sanguine.
to the ease of long thin tubes filled with uniform beads. The relation is:
where K is the randomizing constant, different values yielding different curve shapes. Equation 9 in the main text is a valid relation in terms of the time t, and I is a dummy variable of integration which can be represented by any desired symbol. In applying the equation to the fraction of system volume T, one must distinguish between the total system and the volume of either of the two individual systems in the series arrangement. Let any two individual systems be designated by subscripts 1, and 2, and the total system represented by unsubscripted variables. We represent the basic response of a system to a delta function input of dye by the fraction F( T )d T of dye emerging in a particular interval between T and T 4-dr. Let the volume of system 1 be V 1; etc., and thus from equation 9, for any pair of serially connected systems (TV/V,) F, [(F/F 2 ) (x-T)] dT and since the order of the two systems is immaterial it can be shown that a corresponding expression can be obtained by interchanging 1 and 2 throughout. In the present case the tube volume is a small fraction of the system volume so we have chosen to represent all of the results in terms of the fraction of the labyrinth volume, i.e., = VJV, 0 / T l F , ( r )
In the present special case we insert for Fj (T) the expression R.W. (T) and for F 2 ( Tl -T) the expression l/r2( Tl -2 1 ) 3 ] with the restriction that F 2 is zero for all values of the independent variable < y 2 . For V 2 /V x we employ the ratio a of tube to labyrinth and obtain = O72)
l.W. (T)dt
This relation is given in equation 10 but with the understanding that throughout the present study only one system is being considered, namely the labyrinth, so subscripting may be avoided.
